Summary.
Neurons of intracerebellar nuclei in the mouse brain were demonstrated to possess a marked surface coat, formed 3-4 weeks after birth, which was stainable with cationic iron colloid or aldehyde fuchsin. Neurons with a similar surface coat were noted as relay or local interneurons in rather restricted areas such as the occipital cortex, retrosplenial cortex, zona incerta, hippocampal subiculum and spinal posterior horn. Dark neurons with condensed cytoplasm were also shown to be covered with the surface coat.
The surface coat was stained doubly with cationic iron colloid and aldehyde fuchsin. Digestion with hyaluronidase eliminated the stainability of the surface coat to both agents. Combined digestion with chondroitinase ABC, heparitinase and keratanase eliminated the cationic iron colloid staining of the surface coat, but did not interfere with the aldehyde fuchsin staining of the surface coat.
Electron microscopy of ultrathin sections revealed that the iron particles indicating sulfated proteoglycans were preferentially deposited in the perineuronal tissue spaces. Many neurons in the hippocampal subiculum possessed cell surface glycoproteins which were labeled with lectin Vicia villosa or soybean agglutinin and formed 1-2 weeks after birth. Double staining revealed that these lectin-labeled neurons were identical in part with the neurons reactive to the cationic iron colloid.
Dark neurons began to appear 3-4 weeks after birth. The formation of perineuronal sulfated proteoglycans and the appearance of dark neurons, both occurring during the weaning period, may reflect the morphological and physiological completion of the brain. Dark neurons are suggested to be exhausted cells that are restored to light or normal neurons after sleep.
Our previous light microscopic studies of the rat brain and spinal cord stained with cationic iron colloid revealed the occurrence of numerous neurons with an intensely negatively charged surface coat (MURAKAMI et al., 1993a, c, d) . Similar neurons have been recognized also in the human brain (visual cortex) (MURAKAMI et al., 1993b) and in the brains of the cow, cat, mouse and other animals, including some lower vertebrates such as fish (MURAKAMI, 1994; MURAKAMI et al., 1994b) .
Our recent histochemical and electron microscopic studies of the human visual cortex showed that the surface coat consisted of sulfated proteoglycans which were digested with hyaluronidase and chondroitinase ABC/heparitinase/keratanase and distributed, as the extracellular matrix, in the perineuronal tissue spaces (MURAKAMI et al., 1994a . These studies also showed that the neurons, including the dark neurons, were frequently coated with cell surface glycoproteins reactive to lectin Vicia villosa or soybean agglutinin (MURAKAMI et al., 1994a .
The present histochemical and electron microscopic reinvestigations in the mouse show that the surface coats in the brain and spinal cord of this animal, like those in the human visual cortex (MURAKAMI et al., 1994a , consist of Perineuronal sulfated proteoglycans. The present study further indicates that these sulfated proteoglycans are formed 3-4 weeks after birth, and that the dark neurons begin to appear 3-4 weeks after birth. Topographic findings of the neurons with sulfated Proteoglycans are also included.
MATERIALS AND METHODS
Light microscopy of serial sections Adult (16-week-old) ICR mice, anesthetized with 557 ethyl ether in the morning or in the evening, were perf used through the thoracic aorta with Ringer's solution and a mixture of 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1M cacodylate buffer (pH 7.2-7.4). Immediately after this fixation, the brain and cervical spinal cord were isolated.
The isolated tissues were sliced into 2-3 mm-thick blocks along a frontal plane, and refixed in the buffered glutaraldehyde/paraf ormaldehyde fixative for 6 h or longer. The blocks were embedded in paraffin, and cut into serial sections along the frontal plane. Every ten sections of these serial sections were deparaffinized with xylene.
The deparaffinized sections were incubated in cationic iron colloid with pH values of 1.0-1.5, immersed in a mixture of K4 Fe(CN)6 and HCI for Prussian blue reaction, counterstained with carbol thionin or nuclear fast red, and observed with a light microsope (MURAKAMI et al., 1986 (MURAKAMI et al., , 1993a .
Light microscopic and histochemical studies Neonatal (1-2 weeks after birth), young (3-5 weeks after birth), pubescent (6-8 weeks after birth) and adult (15-16 weeks after birth) ICR mice were sacrificed under ether anesthesia in the afternoon or evening. From these animals, small 2-3 mm-thick blocks traversing the hippocampal subiculum or intracerebellar nuclei along a frontal plane were removed. The blocks were fixed with 4% paraformaldehyde in 0.1M cacodylate buffer (pH 7.2-7.4) for 6h or longer, embedded in paraffin, and cut into sections along the frontal plane. These sections were deparaffinized with xylene.
The deparaffinized sections were stained with cationic iron colloid at pH values of 1.0-1.5 (MURAKAMI et al., 1986) , aldehyde fuchsin (GOMORI, 1950; MURAKAMI et al., 1994a) , lectin Vicia villosa agglutinin (VVA) (NAKAGAWA et al.,1986; MURAKAMI et al., 1994a) or lectin Glycine max (soybean) agglutinin (SBA) . Some sections were stained doubly with cationic iron colloid and aldehyde fuchsin . Furthermore, some sections were digested solely with hyaluronidase or successively with chondroitinase ABC, heparitinase and keratanase prior to the staining with the cationic iron colloid, aldehyde fuchsin or lectins (MURAKAMI et al., 1994d) .
Electron microscopic study
Adult ICR (15-16 weeks after birth) mice were fixed in the morning under ether anesthesia by vascular perfusion with a mixture of 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1M cacodylate buffer (pH 7.2). Small 2-3 mm-thick blocks containing the hippocampal subiculum were isolated. They were cut into smaller blocks (1 x 2 x 2mm), and fixed again for 6 h in the buffered paraf ormaldehyde/glutaraldehyde mixture. The blocks were embedded in LR White resin, and cut into ultrathin sections. These sections were incubated in cationic iron colloid with pH values of 1.0-1.5, exposed to osmium vapor, and observed with a transmission electron microscope (OHTSUKA et al., 1993) .
RESULTS

Light microscopy of serial sections
Survey light microscopy of every 10 samples from the serial sections revealed that the neurons with intensely negatively charged surface coats preferentially occurred in the retrosplenial cortex, visual or occipital cortex, temporal cortex, zona incerta, red nucleus, tegmental nuclei, inferior colliculus, periolivary nuclei, hippocampal subiculum, intracerebellar nuclei and spinal posterior horn. In contrast, the olfactory bulb, frontal cortex, substantia nigra, insular cortex, putamen, claustrum, hypothalamus, dorsal column nuclei and cerebellar cortex contained few such coated neurons.
The neurons with the negatively charged coat were frequently observed in the intracerebellar nuclei and hippocampal subiculum (Fig. 1 ). In the intracerebellar nuclei, almost all neurons, including the small-sized Golgi's Type-II local interneurons, were reactive to the cationic iron colloid. In the hippocampal subiculum, an average of 3 out of 10 neurons possessed the surface coat. The surface coats in these areas were well developed, and clearly observed as fine meshworks which surrounded the cell body and foot processes ( Fig. 1 Upper Inset). The surface coats surrounding the dark neurons protruded many hairy projections ( Fig. 1 Lower Inset). The dark neurons were characterized by their markedly shrunken cell body and condensed cytoplasm, which was intensely stained with nuclear fast red or carbol thionin (Fig. 1 , Lower Inset). The dark neurons were also characterized by their nucleoplasm which was strongly reactive to nuclear fast red ( Fig. 1 Lower Inset).
Few dark neurons were recognizable in the specimens prepared in the morning when the ammmals were in slumber or just after waking (Fig. 2) . However, many dark neurons were observed in the specimens prepared in the evening when the animals were awake and actively eating and drinking (Fig. 1) .
In this respect, the hippocampal subiculum and intracerebeller nuclei were well exemplified. Six to eight of 50 neurons with or without an intensely negatively charged surface coat (see above) were noted as dark neurons in the hippocampal specimens prepared at 7 o'clock in the evening (Fig. 1) ; 13-17 of 50 neurons were noted as dark neurons at 11 o'clock at night. In the intracerebellar nuclei where almost all neurons were provided with the surface coat, 15-20 of 50 neurons were noted as dark neurons at 7 o'clock in the evening; 40-45 of 50 neurons were changed into dark neurons at 11 o'clock at night; few dark neurons were noted at 10 o'clock in the morning (Fig. 2) .
Light microscopic and histochemical studies
Additional preparations of sections traversing the hippocampal subiculum or intracerebellar nuclei were useful for the histochemical and electron microscopic studies since these sections contained many neurons with well developed surface coats (see above). The histochemical and electron microscopic findings thus obtained are described below.
The surface coats-including those surrounding the dark neurons-in the hippocampal subiculum and intracerebellar nuclei in the adult mouse were stained with aldehyde fuchsin (Fig. 2 Upper Inset), and stained doubly with cationic iron colloid and aldehyde fuchsin (Fig. 2) . The doubly stained surface coats were observed as fine meshworks (Fig. 2 Lower Inset) . The double-stained surface coats surrounding the dark Fig. 3 . Medial intracerebellar nucleus of a young mouse at 3 weeks after birth, stained with cationic iron colloid and nuclear fast red. Some neurons are slightly reactive to the colloid (thick arrowheads), while others remain unstained (thin arrowheads). Upper inset shows a dark neuron (small arrow), which was observed in the hippocampal subiculum of another young animal (3 weeks after birth) and counterstained with carbol thionin. This dark neuron is reactive to the cationic iron colloid. Lower inset shows the medial intracerebellar nucleus of a young mouse, 4 weeks after birth. Note in this inset that almost all neurons are reactive to the cationic iron colloid (large and small arrows). Small arrows indicate dark neurons. x 500, Upper inset: x 800, Lower inset: x 420 Fig. 4 . Surface meshworks (arrowheads) surrounding a neuron in the medial intracerebellar nucleus of a young mouse, 4 weeks after birth. Upper inset shows a doubly lectin VVA-and cationic iron colloid-incubated section of the hippocampal subiculum, obtained from a young mouse, 4 weeks after birth. Note that the neuron indicated by the large arrow is doubly stained with lectin and colloid, while those indicated by small arrows are solely stained with the colloid. Lower inset shows a closer view of the doubly stained surface meshwork (thin arrowheads), as observed in the hippocampal subiculum of a young mouse, 4 weeks after birth. x 1,000, Upper inset: x 600, Lower inset: x 850 3 4 neurons, like those solely stained with cationic iron colloid, protruded many hairy projections. The intracerebellar nuclei in the adult mouse contained few neurons reactive to lectin VVA or SBA. However, the hippocampal subiculum contained many neurons whose external cell surfaces were labeled with lectin VVA or SBA. Double staining with lectin and cationic iron colloid revealed that the neurons labeled with lectin VVA or SBA were identical in part with the neurons reactive to cationic iron colloid. More strictly, 2 of 10 neurons in the hippocampal subiculum were both reactive to cationic iron colloid and lectin VVA or SBA on the average; 1 of 10 neurons were solely reactive either to cationic iron colloid or lectin VVA or SBA on average.
The hippocampal subiculum and intracerebellar nuclei of the neonatal mice at 1-2 weeks after birth contained no neuron reactive to cationic iron colloid or aldehyde fuchsin.
The surface coats became detectable in young mice at 3 weeks after birth (Fig. 3) . At this stage, the surface coats were so thin that they were stained slightly with cationic iron colloid, aldehyde fuchsin or both (Fig. 3) .
The surface coats rapidly developed at 3-4 weeks after birth. Therefore, at 4 weeks after birth, almost all neurons in the intracerebellar nuclei were provided with a surface coat which was clearly stainable with cationic iron colloid (Fig. 3 Lower Inset). Even in the hippocampal subiculum, 3 of 10 neurons possessed . Electron micrograph of a neuron (N) in the hippocampal suhiculum of an adult (16-week-old) mouse, stained with cationic iron colloid at pH 1.0 and exposed to osmium vapor. The perineuronal spaces of this neuron are markedly wide and show dense depositions of iron particles (arrowheads). P neuropil region. x 10,000 the surface coat on average (Fig. 3 Upper Inset). This frequency of occurrence roughly corresponded to that in the hippocampal subiculum of the adult animal. The surface coats at this stage were represented by fine meshworks stained with cationic iron colloid as well as aldehyde fuchsin (Fig. 4) .
In accordance with the findings of the adult mouse, few neurons in the intracerebellar nuclei were reactive to lectin VVA or SBA at any growth stages of the mice. In the hippocampal subiculum, however, many neurons were reactive to these lectins. Here, the lectin-VVA labeling began at 1 week after birth, whereas the lectin-SBA labeling commenced at 2 weeks after birth. The double staining at 4 weeks after birth showed that the lectin VVA-or SBAlabeled neurons were identical in part with the neurons reactive to the cationic iron colloid (Fig. 4 Upper and Lower Insets). At this stage, thus, 2 of 10 neurons in the hippocampal subiculunm were reactive to cationic iron colloid and lectin VVA or SBA. This occurrence is almost the same as that in the adult mouse (see above).
The dark neurons began to appear at 3-4 weeks after birth (Fig. 3) . In the hippocampal subiculum at this stage, only 2 of 50 neurons were observed as dark neurons on average. The frequency of occurrence of dark neurons was inconsistent, though a general tendency for its increase with the growth of the animals was recognized. The dark neurons in these developing animals were also frequently provided with a surface coat reactive to cationic iron colloid (Fig. 3 Upper and Lower Insets) and labeled with lectin VVA or SBA. No dark neuron was noted at the stages from 1-2 weeks after birth.
The findings obtained from the enzyme digestions were invariable among all the specimens from the neonatal, young, pubescent and adult mice. Thus, the hyaluronidase digestion constantly eliminated both the cationic iron colloid and aldehyde fuchsin stainings of the surface coats in the growing and adult mice (Fig. 5 A, B) . Another constant finding among the animals examined was that successive chondroitinase ABC, heparitinase and keratanase treatments eliminated the cationic iron colloid staining of the surface coats (Fig. 5 A Inset, B Inset) , but did not interfere with the aldehyde fuchsin staining of the surface coats. Furthermore, in all the animals examined, the hyaluronidase and chondroitinase ABC/ heparitinase/keratanase digestions never obliterated the labelings of neurons with lectin VVA and SBA. Fig. 7 . Closer view of a perineuronal space as indicated by an arrow in Figure 6 . Clustered iron particles (arrowheads) are diffusely deposited in the perineuronal space (S). N neuronal soma, P neuropil region. x 70,000 width nor within the neuronal somata and processes or the neuropil regions, except for insignificant solitary deposits of iron particles.
DISCUSSION
The present study confirms that the mouse brain and spinal cord contain numerous neurons with intensely negatively charged surface coats which are stained with cationic iron colloid. It also shows that these neurons preferentially occur as relay or local interneurons in rather restricted areas such as the intracerebellar nuclei and hippocampal subiculum, and that they never occur in the frontal cortex, olfactory bulb or cerebellar cortex.
The present study, together with our recent studies of the human visual cortex (MURAKAMI et al., 1994a , demonstrates that the surface coats are stained doubly with cationic iron colloid and aldehyde fuchsin, and digested by hyaluronidase and chondroitinase ABC/heparitinase/keratanase, these findings indicating that the surface coats consist of sulfated proteoglycans. Similar surface coats or meshwork structures have been shown in the rat and mouse with Golgi's silver impregnation, and interpreted as representing the processes of glial cells (glial nets) (BRAVER et al., 1982; 1984; LUTH et al., 1992; CELIO and BLUMCKE, 1994) .
The present study demonstrates that the perineuronal sulfated proteoglycans are formed at postnatal stages 3-4 weeks after birth. These stages correspond to the weaning period of the animals (see below).
The present study reveals that the mouse hippocampal subiculum contains many neurons which are labeled with lectin VVA or SBA, and that these lectin labelings begin at the postnatal stages of 1-2 weeks after birth. Thus, the cell surface glycoproteins reactive to lectin VVA or SBA are formed independently at earlier stages than the perineuronal sulfated proteoglycans.
The present study demonstrates that almost all neurons in the intracerebellar nuclei are reactive to cationic iron colloid or aldehyde f uchsin, but are not labeled with lectin VVA or SBA. It also demonstrates that, in the hippocampal subiculum of the growing and adult mice, lectin-labeled neurons are not always reactive to cationic iron colloid. These findings, together with those from the human visual cortex (MURAKAMI et al., 1994a , indicate that cell surface glycoproteins as labeled with lectin VVA or SBA are neither structural elements nor adhesive molecules of the sulfated proteoglycans.
The present study shows that in the mouse, the dark cells begin to appear at the weaning period, i.e., 3-4 weeks after birth, and that even the dark cells frequently possess perineuronal sulfated proteoglycans. Such hairy projections of the surface coats as observed in the dark neurons may be formed by the extraordinary shrinkage of these cells. Recent physiological experiments of the rat brain have shown that the dark neurons are neither degenerative nor poorly fixed cells, and that the appearance of dark neurons is a reversible or plastic change induced by anodal polarization (ISLAM et al., 1994) . The present study supports our view that the dark neurons are exhausted or tired cells, which are restored to normal or light neurons in the morning or after sleep or resting (MURAKAMI and OHTSUKA,1995) . Our concomitant experiments in the present study have more clearly revealed that the dark neurons in the mouse show a diurnal precision or circadian rhythm in their occurrence, and that they are not reactive to apoptotic DNA labeling or terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-biotin nick end labeling. The details of these findings will be reported elsewhere. Our recent discussion suggests that in the dark neurons with nucleoplasm strongly reactive to nuclear fast red, mRNA synthesis is markedly activated (MURAKAMI and OHTSUKA,1995) .
The present transmission electron microscopic observations of ultrathin sections from the adult mouse hippocampal subiculum reveal that the cationic iron colloid is preferentially and diffusely deposited in the widened perineuronal spaces. Similar findings have been obtained in the human visual cortex (MURAKAMI et al., 1994) . These facts indicate that the perineuronal sulfated proteoglycans thickly surround-as an extracellular matrix-the axosomatic synapses and assure a stable signal transmission at these synapses with their inhibitory nature (MURAKAMI et al., 1994a . Our recent personal discussion with Prof. Chizuka IDE (Kyoto University) has further elicited the idea that such thick and intensely negatively charged perineuronal proteoglycans might prohibit the new formation of synapses with adjacent sprouting neuronal terminals.
Some authors have shown that the neurons labeled with lectin VVA or SBA are GABAergic interneurons (KOSAKA and HEIZMANN, 1989; DRAKE et al., 1991; LUTH et al., 1992) . These data suggest that such neurons both reactive to cationic iron colloid and lectin VVA or SBA as observed in the hippocampal subiculum are inhibitory interneurons. We consider that such neurons solely reactive to cationic iron colloid as mainly observed in the intracerebellar cortex are excitatory interneurons.
It is noteworthy that the perineuronal sulfated proteoglycans are formed at the weaning period, and that also at this period the dark or tired neurons begin to appear. The appearance of perineuronal sulfated proteoglycans as well as dark neurons thus seems to be an initial sign of brain plasticities encoding memory or learning for feeding or other actions, including volitional movements.
In other words, weaning coincides with the morphological and physiological completion (maturation) of the brain.
